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Gotfredsen, M., and Gerdes, K. (1998). Mol. Microbiol. 29, 1065– 2000; Fukata et al., 2002). But the upstream signaling
1076. pathways that restrict growth to a single neurite are not
Huttenhofer, A., and Noller, H.F. (1994). EMBO J. 13, 3892–3901. known.
Karzai, A.W., Roche, E.D., and Sauer, R.T. (2000). Nat. Struct. Biol. Here is where the genetics-inspired strategy of Shi et
7, 449–455. al. has come into play. These authors begin by focusing
Pederson, K., Christensen, S.K., and Gerdes, K. (2002). Mol. Micro- on mPar3 and mPar6, the mammalian homologs of two
biol. 45, 501–510. genes required for the generation of anterior-posterior
Pedersen, K., Zavialov, A.V., Pavlov, M.Y., Elf, J., Gerdes, K., and polarity in early C. elegans embryos (“par” from “partion-
Ehrenberg, M. (2003). Cell 112, this issue, 131–140. ing defective”). Homologous genes were subsequently
Zielenkiewicz, U., and Ceglowski, P. (2001). Acta Biochim. Pol. 48, found to play essential roles in asymmetric cell division
1003–1023. in Drosophila and in the development of polarity by
mammalian epithelial cells in culture (Wodarz, 2002).
mPar3 and mPar6, which interact via their PDZ domains,
form a scaffolding complex for atypical protein kinase
C (aPKC) and for the activated forms of rac1 and cdc42.Pars, PI 3-kinase,
Using neuronal cultures, Shi et al. show that before the
and the Establishment establishment of polarity, endogenous mPar3 and
mPar6 are present in all neurites. In polarized neurons,of Neuronal Polarity
they are highly concentrated in the axonal growth cone
and virtually undetectable in the future dendrites. When
expressed by transfection prior to the establishment of
polarity, mPar3 and mPar6 fail to become restricted toAs reported in this issue of Cell (Shi et al., 2003), the
a single growth cone (presumably a dominant negativeprotein complex consisting of mPar3, mPar6, and
effect arising from overexpression), and the cells fail toatypical protein kinase C is selectively localized to the
become polarized. The activity of the aPKC componentaxonal growth cone of cultured hippocampal neurons
of the complex also appears to be required for polarityand is required for specification of the axon.
to develop normally. Inhibitors of aPKC block the devel-
opment of polarity and prevent mPar3/mPar6 from be-As recent ceremonies in Stockholm attest, analysis of
coming concentrated in a single growth cone.genetically tractable organisms has proved immeasur-
What signaling components lie upstream of mPar3/ably valuable as a starting point for unraveling signaling
mPar6, and how might they govern localization of theprocesses in mammalian cells. The report by Shi et al.
Par complex? Based on analogies with the signaling(2003) offers yet another example of the power of this
pathways that lead to the development of asymmetryapproach. They show that genes first identified in C.
and directed migration in cells undergoing chemotaxis,elegans play a central role in governing the development
Shi et al. make the inspired guess that PI 3-kinase playsof neuronal polarity.
a role. Local activation of PI 3-kinase generates
Most nerve cells develop a single axon and several
PI(3,4,5)P3 in the cytoplasmic leaflet of the membranedendrites, which are structurally and molecularly dis-
and recruits proteins with PI(3,4,5)P3 binding domains.tinct. Neurons developing in culture, where spatially or-
Shi et al. provide evidence that PI 3-kinase activity is
ganized extracellular cues are absent, follow an intri- concentrated in the axonal growth cone (as well as in
guing internal program that leads to cell polarization the cell body), and demonstrate that inhibitors of PI
(Fukata et al., 2002). Cells initially establish several, 3-kinase block the development of polarity and cause
short, identical neurites, which apparently compete to mislocalization of mPar3 and mPar6. Overexpression of
become the cell’s axon. The neurites undergo brief PTEN, which dephosphorylates PI(3,4,5)P3, also disrupts
spurts of growth followed by retraction until one neurite the development of polarity. Shi et al. suggest that mislo-
undergoes a period of protracted growth, breaking the calization of the Par complex and disruption of polarity
initial morphological symmetry. This neurite becomes are direct consequences of altering PI(3,4,5)P3 metabo-
the axon and the remaining neurites become dendrites lism in the growth cone. Alternatively, they could result
(Dotti et al., 1988). It is thought that small, randomly from changes in membrane trafficking, which is also
occurring growth events are amplified by positive feed- regulated by phosphoinositides (Simonsen et al., 2001).
back into further growth, eventually allowing one neurite Shi et al. hypothesize that local PI 3-kinase activity
to exceed a critical length and become specified as recruits the Par complex to the growth cone, which
the axon; negative feedback prevents other axons from could enhance actin activity via its affinity for activated
forming (Goslin and Banker, 1989; Andersen and Bi, cdc42/rac1 and influence microtubule polymerization
2000). via the activity of aPKC. Previous studies have demon-
While the evidence supporting this view emerged strated that activation of cdc42 and rac1 enhances PI
more than a decade ago, the molecular mechanisms 3-kinase activity and can stimulate formation of the Par
that underlie the development of polarity have remained complex. Such a signaling loop could contribute to the
annoyingly elusive. Enhanced actin-based motility and positive feedback pathway required to amplify small
microtubule extension are required to support elonga- fluctuations in growth cone signaling into a symmetry-
tion of the emerging axon, which involves local activa- breaking event (Andersen and Bi, 2000).
tion of cdc42 and rac1, small GTPases that induce actin- As with any important study, these observations raise
driven lamellipodial activity, and local accumulation of many questions and possible directions for future re-
search. What signals locally activate PI 3-kinase in theCRMP-2, a tubulin binding protein (Bradke and Dotti,
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growth cone? What is the link between PI 3-kinase activ-
ity and mPar3/mPar6 localization? What are the relevant
substrates for Par-associated aPKC? It would also be
useful to learn more about the timing of these signaling
events relative to the morphological changes that ac-
company axonal specification. Because cultured neu-
rons do not polarize synchronously, Shi et al. treat cells
with inhibitors shortly after plating and assess the out-
come nearly two days later. Observations of single neu-
rons indicate that the key events underlying axon speci-
fication can occur in minutes or tens of minutes (Esch
et al., 1999). Additional approaches will be required to
determine when PI 3-kinase and the mPar3/mPar6 com-
plex become restricted to a single growth cone. If PI
3-kinase is viewed as standing near the top of this signal-
ing cascade, its activation could be the initiating event
in a growth spurt, leading to recruitment of the Par com-
plex, activation of rac1/cdc42, and enhanced actin-
based motility. The same pathway might be viewed with
PI 3-kinase and the Par complex as downstream targets
of rac1 and cdc42, which are themselves the targets of
numerous signaling pathways. In the latter view, activa-
tion of PI 3-kinase and the Par complex might enhance
the duration of a growth spurt, ensuring that growth
remained channeled to a single neurite.
As this discussion makes clear, the paper by Shi et
al. provides an important beginning in translating the
language of neuroscientists—who talk about competi-
tion, critical length, and feedback—into the language
that cells speak. One review on the development of
neuronal polarity was aptly subtitled “Neurons know
more than we do” (Sargent, 1989). Although we are not
yet on a par with the subjects of our investigation, we
may be gaining on them.
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